Abstract Indole is an interspecies and interkingdom signaling molecule widespread in different environmental compartment. Although multifaceted roles of indole in different biological systems have been established, little information is available on the microbial utilization of indole in the context of combating odor emissions from different types of waste. The present study was aimed at identifying novel bacteria capable of utilizing indole as the sole carbon and energy source. From the selective enrichment of swine waste and cattle feces, we identified Gram-positive and Gramnegative bacteria belonging to the genera Arthrobacter and Alcaligenes. Bacteria belonging to the genus Alcaligenes showed higher rates of indole utilization than Arthrobacter. Indole at 1.0 mM for growth was completely utilized by Alcaligenes sp. in 16 h. Both strains produced two intermediates, anthranilic acid and isatin, during aerobic indole metabolism. These isolates were also able to grow on several indole derivatives. Interestingly, an adaptive response in terms of a decrease in cell size was observed in both strains in the presence of indole. The present study will help to explain the degradation of indole by different bacteria and also the pathways through which it is catabolized. Furthermore, these novel bacterial isolates could be potentially useful for the in situ attenuation of odorant indole and its derivatives emitted from different types of livestock waste.
Introduction
Indole is an N-heterocyclic compound produced by bacteria and some plants and was initially used as a diagnostic marker for the identification of E. coli. Indole is the metabolic product of tryptophan generated by tryptophanase enzymatic activity encoded by tnaA gene in E. coli [1] . It is also produced by bacteria in the rumen and many living systems as a product of tryptophan metabolism. Various industries that synthesize pharmaceuticals, cosmetics, pesticides, disinfectants, agrochemicals, and dyes are also considered sources of indole [2] . There are more than 85 Gram-positive and Gram-negative bacterial species that yield indole as the product of tryptophan metabolism [1] . Biochemical and molecular studies have shown that indole plays various roles in bacterial systems, for example, as an extracellular signal [1, 3] , for multicopy plasmid maintenance [4] , cell division, biofilm formation [5] , and acid and drug resistance [5] [6] [7] [8] . In addition, indole also controls the virulence of several pathogenic bacteria [7] and it has multifaceted properties and applications in prokaryotic systems [9] [10] [11] as well as eukaryotic systems [12] .
Indole is a strong odorant and it is one of major odorous compounds from animal wastes and sewers. Also, indole and its derivatives form a class of toxic recalcitrant environmental pollutants [12] . Hence, it is required clean-up Minsu Kim and Jin-Hyung Lee have contributed equally to this article.
technologies to remove odorous and toxic indolic compounds from the environment.
Microbial metabolism or transformation of odorant could be used as an effective treatment to combat odorous compounds. Although several reports are available on indole degradation/transformation by bacteria (aerobic and anaerobic) and by bacterial consortia [13] , little information is available on aerobic metabolism by isolates that utilize indole a sole carbon and energy source. Therefore, in the present study, we focused on the isolation of bacteria with the ability to utilize indole as the sole energy source.
Materials and Methods

Chemicals and Growth Medium
Analytical grade indole, catechol, isatin, 2-oxindole, and anthranilic acid ([99 % purity) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The indole derivatives used in the present study are listed in (Table 1) , and were purchased from Sigma-Aldrich or Combi-blocks Inc. (San Diego, CA, USA). Minimal salt medium (MSM) was prepared as described previously [14] . Luria-Bertani-agar at one-quarter strength (1/4-LB) was used as a rich medium for bacterial growth and culture maintenance.
Selective Enrichment of Livestock Waste
Two different types of samples, swine waste and cattle feces, were collected from Daegu, Korea for the isolation of indole degrading bacteria using enrichment techniques. Enrichments were performed in carbon-free MSM. Samples (5.0 g) of swine or cattle feces were suspended in a 250 ml Erlenmeyer flask containing 50 ml of MSM supplemented with 0.1 mM of indole. Enrichment cultures were incubated under aerobic conditions on a rotary shaker at 250 rpm at 30°C. Utilization of indole in the above enrichment cultures was monitored by HPLC. After 7 days of incubation, feces suspensions (1 %, v/v) were transferred into fresh MSM containing 0.1 mM indole. Three rounds of sub-culture enrichment were performed in the same way.
Isolation and Identification of Indole Degrading Bacteria
After three rounds of sub-culturing, serially diluted samples were spread plated on 1/4th-diluted LB-agar plates containing 0.5 mM indole and on an MSM-agar plate supplemented with 0.5 mM indole to isolate bacterial strains. After 2-4 days of incubation, bacterial colonies appeared on plates were selected and purified. These colonies were used for the initial screening. Overnight seed cultures grown in 1/4-LB were inoculated (1 %, v/v) into 10 ml McCartney vials containing 5 ml of carbon-free MSM supplemented with 0.2 mM indole as the sole carbon and energy source. Sequencing of the 16S rRNA gene was conducted by COSMO GENETECH (www.cosmogen etech.com/en) company. The full length 16S rRNA gene was amplified using universal bacterial 16S rRNA gene primers namely, forward primer 27F (5 0 -AGAGTTT-GATCMTGGCTCAG-3 0 ) and reverse primer 1492R (5 0 -GGTTACCTTGTTACGACTT-3 0 ). In order to identify the phylogenetic neighbors of each isolate 16S rRNA gene sequences were subjected to a similarity search in the EzTaxon server (http://www.eztaxon.org/) [15] . The 16S rRNA gene sequence of each isolate and their respective closely related species were retrieved from the EzTaxon server and aligned using the CLUSTAL_W program in MEGA version 6.0 [16] . The phylogenetic tree of each strain was constructed using the neighbor-joining algorithm from MEGA 6.0 software. Bootstrap analysis was also performed to evaluate the branching confidence limits.
Growth Properties
The growth properties of all isolates were examined in 25 ml of carbon-free MSM supplemented with indole at different concentrations (ranging from 0.2 to 5.0 mM) by inoculating (1 %, v/v) overnight seed culture grown in 1/4-LB. Cultures were incubated on a rotary shaker at 250 rpm at 30°C. At different times, aliquots were withdrawn and optical density was monitored at 600 nm using a UVvisible spectrophotometer (Optizen 2120 UV, Mecasys Co., Ltd. Korea). Each experiment was performed using at least six independent cultures.
Analytical Method for Indole
Indole degradation was carried out by HPLC as previously described [17] . The HPLC used was an YL9100HPLC unit (Young Lin Ltd., Anyang-Si, Korea) equipped with a PDA detector and a 4.6 9 100 mm Chromolith Performance RP-18e column (Merck KGaA, Darmstadt, Germany). The mobile phase used was water and acetonitrile (50:50, v/v) and the flow rate was 0.5 ml/min, and elutes were monitored at 271 nm for indole (retention time 5.1 min).
Metabolite Isolation and Identification
Two indole utilizing bacteria Arthrobacter sp. and Alcaligenes sp. were cultured for 7 h in 25 ml of carbonfree MSM supplemented with 1 mM indole on a rotary shaker at 250 rpm at 30°C. Spent medium was passed through 0.45 lm filter to remove all bacteria and kept at -20°C for further usage. To detect, catechol, isatin, and 2-oxindole, the above YL9100HPLC unit with 5 lm C18 column (Agilent Eclipse XD8-C18, 4.6 9 250 mm, Santa Clara, USA) was used. The mobile phase used was methanol and water (40:60, v/v) and the flow rate was 1.0 ml/min. Under these conditions, the retention times and the absorbance maxima were 4.5 min/274 nm for catechol, 5.2 min/310 nm for isatin, and 7.2 min/247 nm for 2-oxindole, respectively. To detect anthranilic acid, electrospray ionization mass spectrometry (ESIMS) studies were carried out with Agilent 6120 Quadruple LC/MS system (Santa Clara, USA). The mobile phases were comprised of 0.05 % formic acid with 5 % acetonitrile in deionized water (solvent A) and 0.05 % formic acid with acetonitrile (solvent B). Gradient solvent system was used as follows; 10 % solvent B (0-5 min) and 10-100 % solvent B (5-20 min) at 1.0 ml/min flow rate. Under these conditions, anthranilic acid was observed at 11.7 min (m/z [M-H] -136.2). The presence of intermediates was confirmed with standard chemicals by comparison of retention time and maximal absorbance and also spiking experiment.
Scanning Electron Microscopy (SEM)
SEM was used to observe bacterial cell morphologies on a nylon filter, as previously described [18] . Briefly, a nylon filter (0.5 9 0.5 mm square) was exposed to bacterial suspension at an initial OD 600 of 0.05. Cells and nylon filters were incubated together in the presence of indole (0.1 and 0.5 mM) or glucose (2 %) in MSM medium at 37°C for 24 h without shaking to allow cells to attach on nylon filter membrane. As a control, cells were incubated in 1/4-LB medium without indole. After critical-point drying, specimens were examined using a scanning electron microscope (S-4100; Hitachi, Tokyo, Japan) at a voltage of 15 kV and magnifications ranging from 10009 to 10,0009.
Results
Enrichment and Identification of Indole Utilizing Bacteria
Selective enrichment was performed starting with swine and cattle feces samples. Seven isolates originated from swine waste and three isolates from cattle feces exhibited their ability to utilize indole as a sole carbon and energy source. Among ten isolates, the 16S rRNA gene sequences of two isolates showed the same sequence (named B1) which are similar to that of Arthrobacter, and eight isolates showed the same gene sequence (named B5) which are similar to that of Alcaligenes genus.
The 16S rRNA gene sequence of strain B1 (GenBank accession number: KM092530) showed highest identity with Arthrobacter ureafaciens (97.81 %), followed by A. nicotinovorans (97.08 %), A. histidinolovorans (96.73 %), A. ramosus (96.12 %) and A. psychrochitiniphilus (96.09 %) (Fig. 1a) . The 16S rRNA gene sequence of strain B5 (GenBank accession number: KM092531) showed identity with Alcaligenes faecalis subsp. parafaecalis (97.50 %) followed by A. faecalis subsp. phenolicus (96.85 %), A. faecalis subsp. faecalis (96.37 %), and A. aquatilis (96.36 %) (Fig. 1b) . Also, Gram-staining assay showed that the strain B1 is Gram-positive and the strain B5 is Gram-negative (data not shown). Thus, based on 16S rRNA gene sequence similarity, strains B1 and B5 were named Arthrobacter sp. strain B1 and Alcaligenes sp. strain B5, respectively.
Utilization of Indole by Strains Arthrobacter B1 and Alcaligenes B5
A range of indole concentrations (from 0.2 to 5.0 mM) was used to check the limits of indole utilization by strains B1 and B5 in carbon-free MSM medium (Fig. 2) . Strain B1 at an indole concentration of 0.2 mM grew to achieve an optical density (OD 600 ) of 0.04 in 24 h, and the final OD was increased when the indole concentration was increased to 1.0 mM (OD 600 0.1 at 40 h) (Fig. 2a) . However, when the indole concentration was increased to 2.0 mM strain B1 showed lower cell density (OD 600 0.04), and at 5.0 mM growth inhibition occurred (Fig. 2a) . The rate of indole depletion by strain B1 was also found to be concentration dependent (Fig. 2b) . At concentrations of 0.2, 0.5 and 1.0 mM, indole was completely depleted after 40 h of incubation, whereas at concentrations of 2.0 and 5.0 mM indole depletions were 55 and 10 % after 56 h, respectively (Fig. 2b) .
The growth rate and the indole consumption rate of Alcaligenes B5 were greater than those of strain Arthobacter B1 (Fig. 2c) . The optical density (OD 600 ) of Alcaligenes B5 on 0.2 mM indole was found 0.06 after 8 h of incubation, and this increased to OD 600 0.22 at 16 h on 1.0 mM indole (Fig. 2c) . Also, Alcaligenes B5 completely utilized 1 mM indole for 16 h and 2 mM indole within 56 h (Fig. 2d) .
Effects of Indole on Isolate Cell Morphologies
Effects of indole on the cell morphologies of Arthobacter sp. strain B1 and Alcaligenes sp. strain B5 were examined by culturing cells in the presence of indole. After culture, B1 and B5 cells in MSM medium without indole treatment were sized 1.6 ± 0.2 and 2.2 ± 0.3 lm in length, respectively and indole decreased cell size of two strains that became more spherical as compared with their normal rodshaped structure. Specifically, the cell sizes of strains B1 and B5 reduced by 65 % (0.6 ± 0.1 lm) and 62 % (0.7 ± 0.1 lm) in the presence of 0.5 mM indole, respectively (Fig. 3) . Based on the above results, it is clear that in addition to their indole utilizing properties, these strains exhibit adaptive response as indicated by reduction in cell size and changes in cell morphology when indole concentrations are high.
Growths of Arthrobacter sp. B1 and Alcaligenes sp. B5 on Indole Derivatives
The growth properties of Arthrobacter sp. B1 and Alcaligenes sp. B5 were also examined on different indole derivatives in carbon-free MSM. (Table 1 ) contains a list of the chemicals, which were applied at a concentration of 0.2 mM. Alcaligenes sp. B5 grew well on L-tryptophan, indole-3-acetic acid, 2-oxindole, and isatin as sole energy sources (Table 1 ). In contrast, Arthrobacter sp. strain B1 grew just on L-tryptophan and isatin (Table 1) . These results show that Alcaligenes sp. B5 has broader substrate range than Arthrobacter sp. B1.
Identification of Intermediates in Aerobic Degradation of Indole
To study aerobic degradation pathways of indole by Arthrobacter sp. B1 and Alcaligenes sp. B5, additional HPLC and ESIMS analyses were performed, and two key intermediates, isatin and anthranilic acid, were found. During the indole metabolism, both strains produced double-oxidized indole isatin, while 2-oxindole was not detected (Fig. 4) . In Fig. 4 , there was an unidentified peak Fig. 3 Scanning electron microscopic photographs of Arthrobacter sp. strain B1 and Alcaligenes sp. strain B5. SEM was used to examine the cell morphologies of cells grown on nylon filters in MSM medium containing indole (0.1 and 0.5 mM) or glucose (2 %) for 24 h at 37°C. As a control, 1/4-LB medium was used without indole. The scale bar represents 3 lm. The experiment was performed in triplicate with two independent cultures and at least 20 random spots were observed in both strains. While its retention time is similar to catechol, its UV spectrum was different from catechol. Hence, we performed LC/MS analysis to confirm that both strains produced anthranilic acid (Fig. 5) , supporting the previous report in that Alcaligenes sp. strain In3 produced anthranilic acid [19] .
Discussions
Reports show that the major sources of indole produced by livestock are swine manure and cattle feces [20] . Thus, we have isolated two indole utilizing bacteria, Arthrobacter sp. strain B1 and Alcaligenes sp. strain B5, from cattle feces and swine waste. The 16S rRNA gene sequences of strains B1 and B5 showed relatively low identity levels with their best 16S neighbors with Arthrobacter ureafaciens (97.81 %) and Alcaligenes faecalis subsp. parafaecalis (97.50 %) indicating that they are probably novel species. In order to characterize the novel species of these isolates, a detailed polyphasic taxonomic study will be carried out in future.
Our growth data show that strains B1 and B5 utilize indole in a concentration dependent manner, and that indole above 2 mM is toxic to these isolates, which is in agreement with the values reported previously for other bacteria [19, 21, 22] . Indole is toxic to even indole producing bacteria like E. coli when the concentration is above 2.0 mM [23] . The minimal inhibitory concentration of indole in Pseudomonas sp. ST-200 was reported to be 2.56 mM [21] . Indole at 2.56 mM was also found to be toxic to Alcaligenes sp. strain In3 [19] . Similarly, cell growth and indole degradation by Pseudomonas aeruginosa Gs were inhibited when the concentration of indole was 4.0 mM [22] , and Pseudomonas putida KT2440 cells did not grow well at above 3 mM indole [24] .
Some previously characterized aerobic bacteria, such as, P. aeruginosa Gs [22] , Pseudomonas sp. strain ST-200 [21] , Alcaligenes sp. strain In3 [19] , and Cupriavidus sp. strain [25] use indole as a growth substrate. While, Pseudomonas indoloxidans, P. aeruginosa [7] , A. tumefaciens [10] , and Burkholderia unamae strain CK43-B [26] can degrade indole without utilizing it as the sole carbon source. D. indolicum is the only anaerobic isolate identified to date that can utilize indole as a carbon and electron donor [27] . In this study, we have found two additional novel strains utilizing indole as the sole energy source.
Microbial degradation of indole was investigated under aerobic and anaerobic conditions by several bacteria and fungi [13] . Aerobic indole degradation was generally initiated by oxidation of indole followed by heterocyclic ring cleavage [13] . Claus and Kutzner [19] reported that Alcaligenes sp. strain In3 degrades indole via the gentisate pathway. The pathway includes hydroxyindole, isatin, anthranilic acid and gentisic acid (Fig. 6) , while the authors detected only anthranilic acid during the indole degradation by Alcaligenes sp. strain In3 [19] . This study detected another intermediate isatin (Fig. 4) as well as anthranilic acid (Fig. 5) . Since anaerobic metabolite catechol in indole metabolism was not detected in both strains (Figs. 4, 5) , the current indole utilization pathway is different from the catechol pathway [13] and probably occurs via the gentisate pathway.
Various reports show that the hydroxylated and oxygenated products of indole degradation, such as, isatin, indoxyl, 7-hydroxyindole, 2-hydroxyindole, and 3-oxindole, which are used in the synthesis of indigo dyes by dimerization [28, 29] . Thus, those bacteria that are known to transform indole into hydroxylated indole intermediates might produce dimers. Recombinant technology has resulted in the cloning of some known or putative aromatic monooxygenases or dioxygenases in E. coli, and greatly enhanced indigo formation [28] [29] [30] [31] . The accumulation of indigo as a dimer product during the indole degradation is the disadvantage for the application of those microorganisms in the in situ attenuation of indole odor emitted from different types of waste.
Therefore, complete mineralization of indole without the accumulation of any dimer product would provide a better means for the in situ decontamination of indole. Furthermore, isolates capable of this task could be potentially applicable for the in situ bioremediation of indole odor from different source of animal and industrial wastes. 
